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2 Goals of This Work
1. Better define the molecular nature of inter-tumoral heterogeneity in PDAC

patients in terms of variation in alternative splicing.

2. Identify molecular subtypes of PDAC through alternative splicing data and 
correlating them with clinical outcomes.

3. Identify novel splicing targets specific to new molecular subtypes.

4. Identify differentially spliced events and investigate their effects.

5. Identify RNA-binding proteins that could be responsible for differential 
splicing.

CONCLUSIONS
4 Pipeline for NMF Clustering based on

Alternative Splicing

PSI values for a splicing type
(76 PDAC patients)

PSI Matrix 
(76 patients x N splicing events) 

New Count Matrix
(76 patients x M splicing events (M<<N))

Pre-selection
(apply sd cutoff)

Non-negative Matrix Factorization (NMF)
(distance type: Euclidean, Kullback-Leibler 

divergence)

Internal Validation
(RMSSTD, RS, SD Index)
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Run Spladder to quantify 
all splicing events for all 76 patients

PSI = Percent Spliced in

sd cutoff depends on the 
splicing type

FASTQ files for 76 PDAC
patients (TCGA)

These steps are repeated for 
each of the 5 splicing types: 
ES (Exon Skip)
IR (Intron Retention)
A5 (Alternative 5’ Splice Site)
A3 (Alternative 3’ Splice Site)
ME (Multiple Exon Skip)

1. Intron Retention produces the most statistically robust clustering out of five different splicing and 
displays differences in clinical outcomes between clusters

2. Intron Retention explains an independent dimension of heterogeneity compared to gene expression 
and is the only asymmetrically distributed AS event; it occurs at lower levels in the low clinical 
outcome PDAC patient population.

3. Genes undergoing differential IR were significantly enriched for splicing factors and oncogenes

4. Splicing differences between the two IR clusters can potentially be explained by differentially 
expressed splicing factors and RNA-binding proteins.

5. IR may be leading to differential nuclear detention of oncogenic transcripts between IR-1 and IR-2.

6. IR was also found to be predictive of clinical outcome in KIRC and PRAD.

IR-1 has significantly poorer clinical outcomes 
compared to IR-2
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(Moffitt et al., Nature Genetics, 2015)

(Bailey et al., Nature, 2011)

(Collisson et al., Nature Medicine, 2011)

(Waddell, et  al., Nature Medicine, 2016)

(Cross, et  al., Pathobiology, 2018)

C. Heterogeneity based on gene expression

A. Heterogeneity based on frequency and distribution of structural rearrangements

B. Heterogeneity based on histology

a) Classical
b) Adenosquamous
c) Colloid
d) Undifferentiated
e) Intestinal Variant
f) Micropapillary

a b

c d

e f

Intra-chromosomal
rearrangement

Inter-chromosomal 
translocation

Duplication

Tandem Duplication
Foldback Inversion

Amplified Inversion

Amplified Inversion

Collisson	et	al.	(Nature	Medicine,	2011)	 Moffitt	et	al.	(Nature	Genetics,	2015) Bailey	et	al.	(Nature,	2016)
Sample	 microdissected	PDA	(n=27)	and	GSE15471 Primary	PDAC	tumors	(n=145)	and	other	samples 96	tumors	(>40%	epithelial	content)
Dataset	type Microarray Microarray	(RNA-seq	on	15	primary	tumors) RNA-seq
Subtypes Exocrine	like,	Classical,	Quasi-Mesenchymal basal,	classical	(did	consider	tumor	stroma) squamous,	ADEX,	pancreatic	progenitor,	immunogenic
Clustering	method Non	negative	matrix	factorization	(NMF) Non	negative	matrix	factorization	(NMF) Non	negative	matrix	factorization	(NMF)
Gene	signature	 62	genes 25	genes	each	for	basal	and	classical 10	gene	expression	programs
Survival	comparison Classical	better	than	QM	(p=0.038) Classical	better	than	basal	(p=0.007) Worst	survival	for	squamous	(p=0.03)

Stable ScatteredUnstable Locally	Rearranged

3 Previous studies in PDAC heterogeneity

15 IR was found to be predictive of clinical outcome
in two other cancers: KIRC and PRAD
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16 194 common RBPs were differentially 
expressed between PDAC, PRAD, and KIRC

279

20810

29 434

26

194

PRAD

KIRCPDAC

IR is similarly asymmetrically distributed
between tumor clusters in 15/20 other cancers
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IR shows optimal clustering out of
the five splicing types, based on measures 

of cluster compactness and separation

5

Exon Skip (ES) Multiple Exon Skip (MES)

Intron Retention (IR) Alternative 5’ Splice Site (A5)

Alternative 3’ Splice Site (A3)
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Differentially expressed RBPs between IR clusters

Expression of 25 RBPs correlated highly with
PSI levels of 139 / 262 IR events; many of these RBPs

interact with each other at the protein level
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Top 10 RBPs with highest number
of highly correlated IR events

PRPF39 forms protein-protein interactions with
LUC7L3, LUC7L, TIA1, and RBM25
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HNRNPL (RNA-binding protein)

High PSI (n=67)
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p = 0.0012 

High PSI (n=42)
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EWSR1 (Oncogene) SRRT (RNA-binding protein) 

20 IR events were independently predictive
of clinical outcome
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Examples of three clinically predictive IR events

GO Analysis of genes undergoing differential intron 
retention

Oncogenes
Tumor suppressors

Both

Oncogenes
Tumor suppressors

Both

IR change between clusters (n=262)

No IR change (n=4852)

0 0.01 0.02 0.03 0.04 0.05
Fraction of IR events
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Downregulated genes in IR-1 
were enriched in splicing factors

Genes of IR events downregulated in IR-1 were
enriched in oncogenes
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258 RNA-binding proteins (RBPs) were differentially 
expressed, and motifs for 35 RBPs were enriched
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Examples of enriched RBP motifs in IR-2 
Heatmap of 259 differentially expressed RBPs

• The 194 shared RBPs include 23 / 25 of 
the highly correlated RBPs found in PDAC

• This suggests similar features in the RBP 
networks among these cancer types

• IR, and specific RBP networks could be 
important contributors to tumor-tumor 
variation in various cancer types

7 Higher levels of IR are asymmetrically 
and globally skewed towards IR-2
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Comparison of PSI levels of IR events 
across IR-1 and IR-2

Representative IGV tracks for POFUT2 showing
the IR levels in two clusters

IR clusters show little to no concordance with the
established PDAC gene expression subtypes or with

the stratifications of the four other splicing types

IR IR IRMoffitt Collisson Bailey

AMI = 0.0010 AMI = 0.034 AMI = 0.0010

Basal

Classical

Classical

Exocrine

Quasi-
Mesenchymal
(QM)

Squamous

Immunogenic

Progenitor

Aberrantly 
differentiated 
endocrine exocrine
(ADEX)

IR-1

IR-2

*AMI (Adjusted Mutual Information) is a measure of similarity between two assignments (0 to 1), with 1 being the highest score.
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IR ES IR ME IR A5 IR A3

IR-1

IR-2

ES-1

ES-2

ME-1

ME-2

A5-1

A5-2

A3-1

A3-2

AMI = 0.032   AMI = 0.042   AMI = 0.3   AMI = 0.023   

IR vs Established PDAC Gene Expression Subtypes 

IR vs Other Four Splicing Type Subtypes 

IR-1

IR-2

IR-1

IR-2

Exocrine cells: release
digestive enzymes into ducts 

Anatomy of the Pancreas

What is Pancreatic Ductal Adenocarcinoma?
(PDAC)

1

• PDAC is a cancer of the exocrine pancreas cells

• PDAC constitutes about >90% of pancreatic 
cancers.

• PDAC is the 4th leading cause of cancer-related 
deaths in the US, By 2030, PDAC is anticipated to 
become the 2nd leading cause of cancer-related 
deaths after lung cancer.

• Overall 5-year survival rate is 8% for all stages 
combined.

• Majority of patients are diagnosed at a late stage 
and for this group the 5-year survival is 3%.

• PDAC tumors are quite chemoresistant due to 
broad heterogeneity of genetic mutations and 
dense stroma.
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Questions or Comments?

IR may be a mechanism for regulating 
expression of oncogenes via nuclear detention
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